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ABSTRACT 


Comprehensive  determinations  of  nonequilibrium  airflow  composi¬ 
tions  were  made  in  frozen  expansions  of  arc-heated  air  in  a  low -density- 
wind  tunnel  nozzle.  Reservoir  conditions  included  pressures  of  from 
3.  7  to  20.  8  atm  and  temperatures  of  from  2120  to  5380°K.  The  experi¬ 
mentally  determined  compositions  were  correlated  with  the  reservoir 
entropy.  At  low  entropy,  the  concentrations  of  molecular  species  were 
generally  in  close  agreement  with  predictions  based  on  finite  rate  ex¬ 
pansion  calculations,  but  at  high  entropy,  where  nonequilibrium  effects 
are  large,  considerable  deviations  from  the  predictions  were  observed. 
The  molecular  oxygen  content  was  determined  to  be  7  percent  greater 
than  expected.  The  atomic  oxygen  concentration  was  determined  to  be 
consistently  less  than  the  theoretical  prediction  for  all  values  of  entropy, 
by  as  much  as  9  percent  of  the  total  sample  in  the  worst  case.  The 
experimental  data  were  consistent,  however,  with  theoretical  predictions 
based  on  oxygen  recombination  rates  100  times  the  generally  accepted 
values.  Compositions  were  determined  with  a  mass  spectrometric 
sampling  probe.  The  notable  features  of  the  probe  included  a  liquid- 
hydrogen  cryopump  and  a  quadrupole  mass  spectrometer.  The  mass 
spectrometer  exhibited  large  uncertainties  when  attempts  were  made  to 
determine  absolute  concentrations,  particularly  in  a  contaminated  sys¬ 
tem.  For  determination  of  relative  compositions  in  a  clean  system, 
repeatabilities  of  a  few  percent  were  demonstrated. 
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Absolute  temperature  of  gas 
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SECTION  I 
INTRODUCTION 


Rapid  expansion  of  high  enthalpy  gases  in  converging -diverging 
nozzles  generally  produces  some  degree  of  chemical  nonequilibrium. 

Flow  theories  exist  that  relate  the  characteristic  rates  of  chemical 
reactions  and  vibrational  energy  exchanges  to  the  rates  of  change  of 
thermodynamic  parameters.  Verification  of  such  theories  is  quite 
difficult  because  of  experimental  difficulties  in  determining  the  state 
of  a  gas  that  is  not  in  equilibrium.  In  general,  there  is  a  correspond¬ 
ence  between  the  number  of  independent  measurements  required  and 
the  number  of  degrees  of  freedom  in  which  the  gas  is  not  in  equilib¬ 
rium.  When  chemical  nonequilibrium  exists  in  a  complex  gas,  such 
as  air,  the  number  and  quality  of  measurements  required  to  completely 
define  the  state  of  the  gas  are  frequently  greater  than  technology  can 
provide. 

For  a  number  of  years,  limited  verifications  were  provided  by  a 
small  number  of  measurements  representing  more-or-less  conven¬ 
tional  wind  tunnel  techniques,  i.  e.  ,  pitot  and  static  pressures  and 
mass  flux  measurements  (Refs.  1  through  3).  The  development  of  the 
electron  beam  probe  as  a  wind  tunnel  diagnostic  tool  expanded  the  scope 
of  verification  of  finite  rate  expansion  theories  by  adding  static  temper¬ 
ature,  vibrational  temperature,  and  static  density  to  the  group  of  avail¬ 
able  measurerhents  (Refs.  4  through  6).  In  Ref.  7,  results  were  re¬ 
ported  of  a  comprehensive  application  of  the  electron  beam  to  demon¬ 
strate  a  detailed  correlation  of  finite  rate  effects  with  the  reservoir 
entropy  in  an  arc -heated  airflow.  The  correlation  was  demonstrated 
systematically  through  a  graduated  succession  of  nonequilibrium  states 
from  a  case  of  small  perturbation  of  the  equilibrium  state  to  an  extreme 
case  with  order-of-magnitude  effects  on  the  thermodynamic  parameters. 
Across  the  entire  range,  the  experimental  measurements  appeared  to 
verify  the  finite  rate  theory.  A  minor  exception  was  the  vibrational 
temperature  of  nitrogen  molecules,  which  appeared  to  show  a  faster 
vibrational  adjustment  than  predicted  from  shock  tube  experiments. 

Similar  behavior  of  vibrational  adjustment  had  previously  been  observed 
in  other  nozzle  expansions  (Refs.  8  through  10). 

Because  the  thermodynamic  calibrations  of  finite  rate  expansions 
have  been  basically  incomplete,  there  has  been  considerable  interest  in 
supplementing  them  v^ith  chemical  measurements.  Chemical  calibrations 
of  nonequilibrium  flows  have  proved  to  be  even  more  difficult  than  thermo¬ 
dynamic  calibrations.  At  least  three  different  techniques  have  been 
applied  to  this  problem:  optical  spectroscopy,  catalytic  probes,  and 
mass  spectrometry. 
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Optical  techniques  have  been  used  in  shock  tube  facilities  to  obtain 
basic  chemical  rate  data,  but  there  has  been  little,  if  any,  application 
of  such  techniques  to  the  determination  of  detailed  nonequilibrium  com¬ 
position  in  continuous  flow  facilities. 

The  catalytic  probe  technique  has  been  under  development  for  a 
number  of  years.  It  is  a  very  complicated  technique  requiring  critical 
control  of  the  chemical  condition  of  the  catalytic  surface.  A  recent  re¬ 
port  (Ref.  11)  presented  a  limited  amount  of  data  obtained  with  the  cata¬ 
lytic  probe.  The  data  indicated  that  the  atomic  oxygen  fraction  in  a 
shock  tunnel  expansion  of  air  was  less  than  that  predicted  by  a  finite 
rate  calculation,  an  indication  in  agreement  with  results  of  this  report. 

The  potential  usefulness  of  mass  spectrometry  in  nonequilibrium 
chemical  research  was  recognized  a  number  of  years  ago,  and  the 
technique  was  applied  in  short-duration  shock  tube  experiments 
(Ref.  12).  Initial  attempts  to  utilize  the  technique  in  continuous  flow 
facilities  were  not  notably  successful  in  a  quantitative  sense  (Refs.  13 
and  14)  but  indicated  that  the  main  problem  lay  in  the  aerodynamics  of 
obtaining  an  undisturbed  sample  of  the  flow.  The  requirements  for 
sampling  in  place  were  recognized  to  be  a  mass  spectrometer  compact 
enough  to  fit  within  a  small-sized  sampling  probe  and  a  pumping  system 
of  sufficient  capacity  to  maintain  the  internal  pressure  of  the  probe  at 
10 “4  torr  or  less.  These  requirements  were  met  by  a  quadrupole  mass 
spectrometer  and  a  liquid-hydrogen  cryopump.  Basic  development  and 
feasibility  tests  with  such  a  probe  at  PWT-AEDC  were  reported  in 
Ref.  15.  Uncalibrated  determinations  of  molecular  nitrogen,  molecular 
oxygen,  and  nitric  oxide  concentrations  in  an  arc-heated  airflow  were 
observed  to  be  in  reasonable  agreement  with  theory  for  a  single  modest 
operating  condition,  but  the  lower  limit  of  detectability  was  inadequate 
for  accurate  determination  of  atomic  oxygen  or  atomic  nitrogen  concen¬ 
trations. 

Since  the  report  disclosing  basic  feasibility  was  printed,  the  per¬ 
formance  of  the  mass  spectrometer  probe  has  been  improved,  and  sig¬ 
nificant  advances  in  understanding  the  nature  of  its  outputs  have  been 
made.  Experimental  determinations  of  chemical  compositions  in  non¬ 
equilibrium  airflows  have  been  made  that  are  at  least  as  comprehensive 
as  the  thermodynamic  measurements  of  Ref.  7  and  appear  to  be  equally 
successful.  The  increased  capability  of  the  instrument  allowed  syste¬ 
matic  experimental  determination  of  both  NO  and  atomic  oxygen  concen¬ 
trations  and  demonstration  of  the  correlation  of  chemical  composition 
with  entropy.  Divergence  of  the  experimentally  determined  flow  compo¬ 
sition  from  that  predicted  for  high  reservoir  entropy  has  been  observed, 
primarily  in  the  O2/O  system. 
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The  electron  beam  technique  is  inherently  limited  to  low  pressure 
(<  1  torr)  when  quantitative  analysis  of  the  beam  emission  is  required. 
The  mass  spectrometer  must  operate  in  even  lower  pressures 
(<  10 torr),  but  it  appears  that  virtually  any  high-pressure  source  of 
usual  aerodynamic  interest  may  be  successfully  sampled  and  analyzed 
by  appropriate  changes  in  the  sampling  probe  pumping  system.  (In  a 
demonstration  of  high  density  operations,  the  existing  mass  sampling 
probe  successfully  admitted  and  analyzed  static  gaseous  samples  from 
sources  with  pressures  as  high  as  2.  6  atm. ) 


SECTION  II 

EXPERIMENTAL  APPARATUS 


2.1  18-IN.  LOW-DENSITY  WIND  TUNNEL 

The  nonequilibrium  air  expansions  that  were  subjected  to  mass 
spectrometric  analysis  in  this  investigation  were  produced  in  the  arc- 
heated  low -density  wind  tunnel  described  in  Ref.  7  and  shown  in  Fig.  1 
(Appendix).  A  small  stilling  chamber  was  located  downstream  of  a 
250-kw  d-c  arc  heater  and  served  as  a  reservoir  for  a  conical  nozzle 
that  exhausted  into  an  open-jet  test  section.  The  test  section  was  con¬ 
tinuously  pumped  by  a  six-stage  steam  ejector.  The  dimensions  of  the 
expansion  nozzle  were:  a  throat  diameter  of  0.  200  in.  ,  an  exit  diam¬ 
eter  of  18  in.  ,  a  conical  half -angle  of  10  deg,  and  a  geometric  exit-to- 
throat  area  ratio  of  8100.  Reservoir  conditions  produced  for  this  test 
included  stagnation  pressures  of  3,74  to  20.9  atm,  stagnation  tempera¬ 
tures  of  2120  to  5380°K,  and  dimensionless  entropy  parameter  in  the 
reservoir  (S/R)  from  29. 47  to  37.  83.  In  the  expanded  flows  at  the  nozzle 
exit,  static  pressure  varied  from  10  x  10" 3  to  30  x  10“ 3  torr,  and  static 
temperature  varied  from  50  to  140°K. 


2.2  GENERAL  INSTRUMENTATION 

The  nozzle  reservoir  conditions  were  determined  by  the  energy- 
balance  technique,  requiring  precise  measurements  of  heater  input 
power,  air  mass  flow,  and  power  absorbed  by  the  cooling  water  in  all 
passages  up  to  the  throat.  The  heater  input  power  was  determined  by 
voltage  and  current  measurements  at  the  heater  electrodes.  Power 
absorbed  by  the  cooling  water  was  determined  by  measuring  volume 
flow  rates  of  the  water  with  a  calibrated  turbine-type  flowmeter  and 
measuring  the  temperature  increases  of  the  water  with  a  ten-element 
thermopile.  The  air  mass  flow  (0.01  to  0.05  lbm/sec)  was  determined 
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by  measuring  the  pressure  difference  across  a  sharp-edged  orifice  with 
a  strain-gage-type  transducer.  Inlet  air  temperature  at  the  orifice  was 
measured  with  a  copper- constantan  thermocouple. 

The  chemical  composition  was  expected  to  be  frozen  well  upstream 
of  the  nozzle  exit  and,  hence,  a  function  of  the  reservoir  conditions 
only.  There  was,  therefore,  no  reason  to  make  extensive  measure¬ 
ments  of  the  usual  type  in  the  test  section.  The  electron  beam  calibra¬ 
tions  of  Ref.  7  were  assumed  to  be  sufficiently  accurate  to  provide  the 
test  section  conditions  (other  than  the  flow  composition). 


2.3  QUADRUPOLE  MASS  SPECTROMETER 

Only  recently  have  mass  spectrometers  become  commercially 
available  in  a  size  small  enough  for  usefulness  in  probe  studies  of  aero¬ 
dynamic  flows.  The  mass  spectrometer  selected  for  the  research  pro¬ 
gram  described  herein  was  one  of  the  newer,  compact  types  (a  quadru- 
pole)  and  is  described  completely  in  Ref.  15.  Small  physical  size 
(4.  5-cm-diam,  24-cm-long)  and  appropriate  electrical  features  (high 
resolution,  sweep  times  of  a  second  or  better,  and  single-mass  moni¬ 
toring)  contributed  to  the  selection  of  the  particular  instrument,  a 
Quad  200®  series  manufactured  by  Electronic  Associates,  Inc. ,  Palo 
Alto,  California. 

In  operation,  the  quadrupole  mass  spectrometer  performs  the 
following  functions:  ionizes  a  small  fraction  of  the  incoming  neutral 
sample  particles,  separates  the  ions  by  mass-to-charge  ratio  (m/e) 
through  trajectory  influence  by  a  four-pole  oscillating  electrical  field, 
and  detects  the  ions  surviving  the  separation  process  as  a  function  of 
time.  Over  the  three-year  period  of  development  of  the  sampling. probe, 
the  quadrupole  was  operated  in  essentially  the  original  configuration 
except  for  the  ion  detector;  i.  e.  ,  the  electron  multiplier,  discussed  in 
Section  3.1. 


2.4  FLOW  SAMPLING  PROBE 

A  comprehensive  discussion  of  the  flow  sampling  probe  .is  presented 
in  Ref.  15. 

Physically,  the  probe  was  a  cone -cylinder  supported  by  a  strut 
attached  to  a  traversing  arm  with  vertical  and  streamwise  degrees  of 
freedom.  The  dimensions  of  the  probe  were  determined  primarily  by 
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the  dimensions  of  the  mass  spectrometer;  i.  e.  ,  the  probe  merely- 
served  as  a  protective  housing  for  the  quadrupole  head.  The  usual  de¬ 
mands  placed  on  a  flow  probe  of  surviving  exposure  to  the  flow  and 
transmission  of  sensed  information  to  a  point  external  to  the  flow  were 
satisfied  without  abnormal  complexity.  The  probe  was  water  cooled 
where  required  to  ensure  survival,  and  electrical  operating  and  signal 
leads  were  protectively  routed  to  ensure  proper  operation  of  the  qua¬ 
drupole. 

There  were  two  somewhat  unique  features  of  the  probe:  the  sam¬ 
pling  orifice  and  the  liquid  hydrogen  cryopump.  The  sampling  orifice 
diameter  of  0.  0254  cm  was  selected  to  be  of  the  same  order  of  magni¬ 
tude  as  the  mean  free  path  of  the  flow  and  as  sharp-edged  as  possible 
to  ensure  minimum  disturbance  of  the  flow  sample.  The  orifice  was 
located  at  the  apex  of  the  cone.  The  cone  was  of  half -angle  sufficient  to 
decrease  the  orifice -to -ionizer  distance,  yet  sharp  enough  to  ensure  an 
attached  shock  at  the  tip.  Since  minimum  flow  blockage  was  required, 
no  diffusion  pumps  could  be  attached  to  the  probe  to  pump  the  sampled 
flow  and  maintain  the  10 “4  torr  environment  required  for  proper  opera¬ 
tion  of  the  quadrupole,  hence  a  self-contained  cryopump  was  designed 
for  the  probe.  Liquid  hydrogen  was  selected  as  the  cryogen  because  of 
the  need  to  pump  all  of  the  gases  of  interest  in  arc-heated  airflow 
studies,  and  because  of  low-cost  availability.  An  auxiliary  mechanical 
pump  was  used  to  evacuate  the  interior  of  the  probe  to  about  10 ~2  torr 
prior  to  filling  the  liquid  hydrogen  cryopump. 

A  section  view  of  the  probe  is  presented  in  Fig.  2. 

2.5  AUXILIARY  HIGH  VACUUM  CHAMBER 

Both  storage  of  the  mass  spectrometer  head  between  runs  and  rou¬ 
tine  calibration  of  the  instrument  involved  use  of  an  available  vacuum 
chamber  that  could  be  evacuated  to  10 “6  to  10 “8  torr.  The  chamber  was 
fabricated  of  1-cm-thick  mild  steel  in  the  shape  of  a  cylinder  1  m  in 
diameter  and  3  m  long.  Several  access  ports  were  available  for  instru¬ 
ment  mountings  and  feedthroughs.  The  chamber  was  evacuated  first 
to  a  rough  vacuum  of  10 torr  with  a  23 -liters  (i)/sec  mechanical 
pump,  then  to  10“ 6  torr  with  a  1 500 -SL /sec  oil  diffusion  pump.  When 
necessary  to  attain  a  vacuum  of  10 “8  torr,  further  pumping  action  was 
provided  by  a  liquid  hydrogen  cryopump  of  10^-i/sec  pumping  speed. 

For  one  of  the  access  ports,  a  flange  was  used  that  allowed  mount¬ 
ing  side-by-side  both  the  quadrupole  segment  of  the  sampling  probe  and 
an  ionization  gage  for  pressure  measurement.  Mounted  in  such  a 
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manner,  the  ionization  gage  provided  a  close -proximity  measurement  of 
the  pressure  at  the  ionizer  of  mass  spectrometer.  A  separate  access 
port  served  as  the  point  of  injection  for  sample  gases  through  a  viscous 
leak  valve. 

Calibration  of  the  mass  spectrometer  involved  leaking  into  the 
chamber  various  single  and  multicomponent  gas  mixtures,  followed  by 
observation  of  the  corresponding  chamber  pressure  and  spectrometer 
outputs.  The  gas  mixtures  were  prepared  and  stored  in  a  stainless  steel 
container  of  about  1 -SL  volume  that  was  connected  to  the  input  of  the 
metering  valve.  A  simple  mercury  manometer  was  used  for  the  partial 
pressure  measurements  during  preparation  of  the  sample  gas  mixtures. 


SECTION  III 

DEVELOPMENT  OF  AN  OPERATING  TECHNIQUE 
FOR  THE  MASS  SPECTROMETER  SYSTEM 


Subsequent  to  the  results  reported  in  Ref.  15,  a  number  of  improve¬ 
ments  were  made  in  the  mass  spectrometer  system.  These  improve¬ 
ments  were  of  prime  importance  in  the  successful  experimental  deter¬ 
mination  of  nonequilibrium  composition. 


3.1  THE  RESISTANCE-STRIP  MAGNETIC  ELECTRON  MULTIPLIER 

From  an  operational  standpoint,  probably  the  single  most  important 
improvement  was  the  change  to  a  resistance -strip  magnetic  electron 
multiplier  as  an  ion  detector.  The  electrostatic  Venetian  blind-type 
electron  multiplier  provided  as  the  standard  detector  with  the  mass 
spectrometer  was  exceptionally  sensitive  to  contamination.  Exposure 
to  the  test  gases  of  the  arc-heated  wind  tunnel  (at  partial  pressures 
exceeding  10"®  torr)  produced  order- of -magnitude  decreases  in  output 
sensitivity,  in  some  cases  after  only  a  few  wind  tunnel  runs.  A  decon¬ 
tamination  procedure  was  adopted  but  was  time-consuming  and,  after 
several  cleanings,  ineffective. 

A  decision  was  made  to  replace  the  original  detector  with  a 
resistance -strip  magnetic  electron  multiplier  that  was  reputed  to 
possess  high  resistance  to  contamination.  Both  the  original  multiplier 
and  the  resistance -strip  magnetic  multiplier  amplified  the  collected  ion 
current  by  multipli cation  of  secondary  electrons  ejected  from  the  first 
dynode,  or  cathode,  upon  impact  of  the  incoming  ion,  and  both  required 
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highly  stable  d-c  voltages  of  from  1000  to  3000  v  for  proper  operation. 
Beyond  the  cathode,  however,  internal  differences  in  design  accounted 
for  great  differences  in  operational  usefulness.  Within  the  original 
multiplier  were  fourteen  separate  dynodes,  each  fabricated  of  a  copper - 
beryllium  alloy.  Exposure  to  corrosive  gases,  such  as  existed  in  the 
arc-heated  air  undergoing  analysis,  caused  oxidation  of  the  dynode  sur¬ 
faces,  thereby  substantially  decreasing  the  yield  of  ejected  secondary 
electrons,  and  hence  decreasing  the  gain  of  the  multiplier.  The 
resistance -strip  magnetic  multiplier  contained  only  two  strips  of  glass 
coated  with  a  high-resistance  semiconductor  material,  instead  of 
multiple  dynodes.  The  secondary  electrons  ejected  from  the  surface  of 
the  cathode  upon  impact  of  an  ion  were  caused,  by  the  influence  of  inter¬ 
secting  electrostatic  and  magnetic  fields,  to  follow  cycloid-like  paths 
along  the  strip  until  collected  by  an  appropriately  placed  anode.  Upon 
each  impact  with  the  strip,  additional  secondary  electrons  were  ejected, 
establishing  large  overall  gain. 

A  more  complete  description  of  the  resistance-strip  magnetic 
multiplier  is  presented  in  Ref.  16. 

Compared  to  the  copper -beryllium  dynodes,  the  strips  were 
virtually  immune  to  contamination.  For  fifteen  months,  the  strip  multi¬ 
plier  was  operated  without  attention  under  severe  environmental  condi¬ 
tions,  with  only  a  20-  to  30 -percent  decrease  in  gain.  During  this  time, 
53  calibration  runs  and  46  runs  in  the  arc-heated  wind  tunnel  were  made. 
Both  the  ionizer  and  the  quadrupole  rods  required  cleaning,  but  the 
strip  magnetic  multiplier  was  ignored.  Such  extended  multiplier  life 
was  attributed  to  both  the  design  features  of  the  multiplier  itself  and  an 
undemanding  mode  of  operation.  A  preamplifier  designed  for  use  with 
the  original  multiplier  was  used  with  the  strip  magnetic  multiplier  also. 
With  increased  amplification  at  high  signal -to-noise  ratio,  it  was  pos¬ 
sible  to  limit  the  voltages  applied  to  the  strips  to  800  to  1200  v,  or  about 
40  to  60  percent  of  the  maximum  suggested  by  the  manufacturer.  Con¬ 
sequently,  the  anode  current  was  limited  to  approximately  0.  1  M a,  or 
about  50  percent  of  the  suggested  maximum. 


3.2  DETERMINATION  OF  COMPOSITION  FROM  MASS  SPECTRA 

In  the  ionizer  section  of  the  mass  spectrometer,  incoming  sample 
particles  are  bombarded  by  a  beam  of  electrons,  and  a  small  fraction 
is  ionized.  Ionization  of  the  neutral  sample  particles  is  necessary  for 
mass  discrimination  by  the  rf  d-c  field  of  the  quadrupole  section  to  be 
effective  and  unfortunately  complicates  analysis  of  the  output  currents 
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when  polyatomic  molecules  are  involved.  Under  certain  operating  con¬ 
ditions  in  the  ionizer,  viz.  when  the  energy  of  the  bombarding  electrons 
is  high  enough  to  produce  large  numbers  of  ions  and  hence  a  large  signal  - 
to-noise  output,  a  polyatomic  molecule  may  undergo  single  ionization, 
multiple  ionization,  or  dissociation  with  ionization  of  the  constituent 
atoms  or  radicals  (dissociative  ionization).  For  example,  impacts  of 
electrons  of  90 -v  energy  with  nitrogen  molecules  (N2)  produce  not  only 
the  predominant  singly  ionized  molecule,  N2+  (m/e  =  28),  but  also  the 
singly  ionized  atom,  N^  (m/e  =  14),  and  the  doubly  ionized  molecule, 

N2++  (also  m/e  =  14).  Such  encounters  produce  an  output  current  at 
m/ e  -  14  that  is  some  8  to  10  percent  of  the  output  current  at 
m/e  =  28,  the  "parent"  peak.  If  only  the  abundance  of  N2  in  a  sample  is 
desired,  then  the  fraction  lost  to  dissociation  and  multiple  ionization  is 
negligible.  However,  if  the  output  current  at  m/ e  =  14  is  to  be  examined 
for  evidence  of  the  existence  of  atomic  nitrogen  in  the  sample,  then  the 
total  output  current  at  m/e  =  14  must  be  corrected  for  the  contribution 
of  N^  and  N2++  ions  originating  in  dissociative  ionization  and  double 
ionization  of  the  N2  molecules  in  the  sample. 

A  general  expression  for  total  output  at  m/e  =  i  is: 

n 

h  =  £  ci,j  nj  (1) 

j=i 

where  Ij  is  the  output  signal  at  m/e  =  i,  nj  is  the  number  density  of 
particles  of  mass  j,  and  c-^  j  is  the  absolute  sensitivity  of  the  mass 
spectrometer  to  ions  produced  at  m/e  =  i  from  parent  particles  of 
mass  j.  The  summation  begins  at  i  because  a  parent  particle  cannot 
yield  a  fragment  ion  of  greater  m/e  than  itself.  The  summation  extends 
over  the  entire  range  of  mass  numbers  known  or  suspected  to  be  in  the 
sample.  By  assuming  that  the  sensitivities  (c^  j)  are  known  by  calibra¬ 
tion  or  otherwise  (many  will  be  exactly  zero),  the  sample  composition 
is  obtained  from  the  measured  Ij  in  the  mass  spectrum  by  simultaneous 
solution  of  the  system  of  linear  algebraic  equations,  Eq.  (1).  In  the 
general  case,  a  machine  solution  is  required,  but  manual  solutions  are 
possible  in  many  cases  in  which  the  sample  contains  relatively  few  com¬ 
ponents  and  many  of  the  c^  j  are  zero.  For  the  case  discussed  herein, 
i.  e.  ,  a  low -density  air  plasma  expanded  from  no  more  than  5000°K, 
finite  rate  calculations  indicate  that  only  N2,  O2,  NO,  N,  and  O  need  be 
considered  as  significant  constituents.  The  outputs  corresponding  to 
the  m/ e  of  the  singly  ionized  molecular  species  are  all  single -component 
so  that  the  abundances  of  these  species  are  obtained  simply  from  the 
total  Ij  and  appropriate  c^j: 
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(2) 


To  obtain  the  densities  of  atomic  species,  the  appropriate  output 
signals  must  be  corrected  for  the  (spurious)  contributions  of  ionized 
products  of  dissociation  of  heavier  particles: 

I16-Il6,32-Il6,30-Il6,18 


(3) 


1 1 4  -  Il4,30  “  1 1 4 , 28 

nN  =  - 

c 14, 14 

The  corrections  to  the  I^g  output  account  for  the  contributions  of 
dissociative  ionization  of  02,  NO,  and  H2O,  respectively,  where  H2O 
is  necessarily  included  as  a  known  contaminant  in  the  wind  tunnel  flow. 
The  corrections  to  the  1^4  signal  represent  contributions  of  dissociative 
ionization  of  NO  and  N2,  respectively. 

Care  must  be  taken  to  limit  the  outputs  of  interest  to  the  major 
species  in  a  given  sample  to  prevent  the  data  reduction  from  becoming 
unnecessarily  complex.  Most  mass  spectrometers  are  so  sensitive 
that  not  only  are  the  major  constituents  readily  detected,  but  also  many 
other  species  of  negligible  contribution.  The  mass  spectra  of  low  tem¬ 
perature  air  at  high  and  low  sensitivity  are  compared  in  Fig.  3.  The 
relative  simplicity  of  the  low  gain  spectrum  is  easily  seen  when  com¬ 
pared  with  the  complexity  of  the  high  gain  spectrum  where  various 
isotopic  and  doubly  ionized  species  become  detectable.  In  the  wind 
tunnel  test,  outputs  of  m/e  =  40,  44,  and  46,  corresponding  to  A,  N2O, 
and  N02  were  neglected  as  trace  components. 


3.3  OUTPUT  REPEATABILITY,  EFFECT  OF  CONTAMINATION 

A  major  obstacle  to  the  analysis  of  mass  spectra  as  outlined  in  the 
previous  section  was  the  fact  that  the  absolute  or  total  sensitivity  coeffi¬ 
cients  (c-[}  j)  measured  in  static  calibrations  were  not  sufficiently  repeat- 
able  to  give  quantitative  results  in  the  usual  sense.  In  Fig.  4,  the  abso¬ 
lute  sensitivity  of  the  m/e  =  28  output  (c28  28^  an  air  sample  (in  this 
case  based  on  partial  pressure  rather  than  number  density)  is  presented 
as  it  varied  with  serial  run  number  during  a  calibration  sequence  in 
which  the  system  was  known  to  be  clean  and  uncontaminated.  Variations 
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of  up  to  100  percent  between  successive  calibration  points  can  be  seen. 

Such  variations  could  be  accepted  for  wind  tunnel  testing  by  calibrating 
prior  to  each  tunnel  run.  However,  the  variations  of  up  to  50  percent 
during  some  individual  runs  could  not  be  similarly  accepted,  apparently 
limiting  the  absolute  approach  to  accuracies  of  no  better  than  50  per¬ 
cent.  Thus,  even  in  a  dean  system,  quantitative  use  of  the  mass  spec¬ 
trometer  with  absolute  or  total  calibration  factors  for  pure  gases  is  not 
feasible  with  the  present  equipment. 

In  a  contaminated  system,  the  absolute  sensitivity  was  even  more 
unreliable.  A  progressive  deterioration  was  observed  although  a  "con¬ 
tamination  threshold"  was  often  observed  with  extremely  sharp  decreases 
in  reliability.  In  Fig.  5,  the  absolute  sensitivity  parameter  (c2g  28^ 
presented  as  a  function  of  electron  energy  for  both  a  clean  system  and  a 
grossly  contaminated  system.  The  points  at  90  v  correspond  to  the 
points  of  Fig.  4  for  Run  No.  80.  The  ionizer  section  of  the  spectrom¬ 
eter  had  been  cleaned  immediately  prior  to  this  run.  From  Fig.  5,  it 
can  be  seen  that  in  Run  No.  79,  the  last  run  before  cleaning,  extensive 
hysteresis  in  the  variation  of  the  absolute  sensitivity  parameter 
occurred,  creating  uncertainties  of  well  over  two  orders  of  magnitude. 

Fortunately,  the  observed  behavior  of  relative  outputs  under  con¬ 
taminated  conditions  was  much  better.  Consequently,  the  entire  mass 
analysis  procedure  was  put  on  a  relative  basis,  as  described  in 
Section  3.5.  Even  then,  a  certain  amount  of  discretion  was  necessary. 

Two  categories  of  behavior  were  observed,  one  for  simple  undissociated 
ions  and  one  for  dissociated  ions.  The  lower  curves  in  Fig.  5  demon¬ 
strate  that  the  relative  output  sensitivity  of  simple  undissociated  ions 
displayed  good  repeatability  (±1  percent)  in  a  clean  system,  and  accept¬ 
able  repeatability  (±4  percent)  in  a  grossly  contaminated  system  (note 
that  the  two  curves  are  plotted  on  a  linear  rather  than  a  logarithmic  scale). 
For  a  state  of  spectrometer  contamination  that  causes  a  decrease  in  abso¬ 
lute  sensitivity  by  a  factor  of  100,  the  ±4 -percent  repeatability  of  the 
relative  outputs  of  O2  and  N2  in  air  was  remarkable.  No  hysteresis 
loops  were  formed. 

When  analyzing  samples  containing  dissociated  ions,  the  repeata¬ 
bility  of  the  relative  sensitivities  of  dissociated  ions  became  important. 
These  relative  sensitivities  were  observed  to  be  strongly  affected  by 
contamination,  although  not  as  drastically  as  was  the  absolute  sensitivity. 
The  middle  curves  of  Fig.  5  reveal  that  the  relative  sensitivity  of  N^ 

to  ^8  in  air  was  repeatable  to  about  ±4  percent  in  a  clean  system,  but 

in  the  contaminated  system,  hystereses  of  as  much  as  an  order  of 
magnitude  occurred.  When  such  a  sample  was  to  be  analyzed,  the  system 
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had  to  be  reasonably  clean,  and  further,  the  state  of  contamination  re¬ 
quired  continuous  monitoring  by  observation  of  the  I14/I28  ra'fci°  i-n  an 
air  sample.  In  Fig.  6,  it  is  seen  that  the  contamination  effect  began  at 
the  lower  electron  energies  and  progressed  to  higher  electron  energies. 
In  practice,  all  wind  tunnel  test  data  were  obtained  at  Vee  =  90  v,  which 
maximized  the  time  between  required  cleaning  of  the  ionizer. 

In  summary,  the  calibration  studies  indicated  that  relative  meas¬ 
urement  of  nondissociated  species  could  be  made  with  expected  repeata¬ 
bilities  of  from  1  to  4  percent,  depending  on  the  amount  of  attention 
given  to  ionizer  cleanliness.  Relative  measurements  involving  dis¬ 
sociated  ions  could  be  made  to  at  best  only  4-percent  repeatability, 
and  to  achieve  even  this  level  of  repeatability  required  frequent  assess¬ 
ment  of  the  state  of  ionizer  cleanliness  by  means  of  calibrations  between 
runs. 


3.4  NATURE  OF  CONTAMINATION  AND  THE  DECONTAMINATION  PROCESS 

The  "contamination"  that  has  been  identified  as  the  cause  of  the 
poor  repeatability  of  certain  output  parameters  has  not  been  described 
or  defined.  The  detailed  nature  of  this  contamination  is  not  known  with 
certainty,  but  it  is  thought  to  be  attributable  to  adsorbed  molecules  on 
the  interior  surfaces  of  the  mass  spectrometer,  primarily  in  the  ionizer. 
In  an  advanced  state  of  contamination,  such  deposits  are  visible  to  the 
eye  as  very  thin,  light  brown  layers  of  unknown  composition.  It  is 
believed  that  these  deposits  are  primarily  fractionated  components  of 
diffusion  pump  oil,  although  the  state  of  contamination  is  known  to  be 
greatly  aggravated  by  certain  test  gas  molecules;  e.  g.  ,  nitric  oxide. 

Nor  is  the  exact  effect  of  the  deposits  on  the  mass  spectrometer  opera¬ 
tion  known.  It  is  theorized  that  the  contamination  deposits  act  as  an 
insulator  which  can  accumulate  electrical  charge  at  random  locations 
inside  the  ionizer.  Since  the  ionizer  is  designed  for  field-free  diffusion 
of  ions  from  the  point  of  formation  in  the  electron  beam  to  the  exit  aper¬ 
ture  of  the  ionizer,  it  is  plausible  that  random  potential  fields  inside 
the  ionizer,  produced  by  random  charge  accumulation,  could  so  perturb 
the  ion  trajectories  that  unrepeatable  mass  discrimination  within  the 
ionizer  would  result.  It  is  also  plausible  that  in  extreme  cases  the  ion 
trajectories  could  be  so  badly  distorted  that  there  would  be  order-of- 
magnitude  decreases  in  ion  supply  to  the  mass  analyzer. 

Whether  or  not  the  above  is  an  accurate  description  of  the  contami¬ 
nation  mechanism,  it  is  a  practical  fact  that  the  cleaning  procedure  which 
was  designed  to  restore  the  interior  metallic  surfaces  of  the  mass  spec¬ 
trometer  to  clean  metal  was  completely  effective  in  elimination  of  the 
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"contamination  effect.  "  All  components  of  the  spectrometer  requiring 
decontamination  were  either  stainless  steel  or  ceramic.  Since  the 
ceramic  insulators  were  fragile  and  porous,  no  attempt  was  made  to 
clean  them;  they  were  replaced  as  necessary.  Removal  of  the  contami¬ 
nating  deposits  from  the  stainless  steel  components  was  accomplished 
with  a  fine  grain  pencil  eraser  (Pink  Pearl®  or  equivalent),  followed  by 
a  30  min  to  one  hour  rinse  in  a  solution  of  Freon  TF®  vibrating  at  ultra¬ 
sonic  frequency.  (An  intermediate  step  of  soaking  the  scrubbed  parts 
in  phosphoric  acid  prior  to  the  rinse  was  added  late  in  the  research 
program.  Considerable  improvement  in  cleaning  efficiency  resulted. ) 
Assembly  of  the  cleaned  components  was  accomplished  with  the  use  of 
plastic  gloves,  thereby  avoiding  re  contamination  through  human  contact. 


3.5  RELATIVE  BINARY  CALIBRATIONS 

The  relative  approach  to  analysis  of  mass  spectra  requires  know¬ 
ledge  of  the  ratios  of  the  absolute  sensitivity  factor  (c^  j).  In  most 
cases,  these  ratios  are  easier  to  determine  and  are  much  more  reliable 
than  the  absolute  values  of  the  individual  sensitivity  factors.  There  are 
at  least  three  types  of  these  relative  sensitivities  which  are  of  concern, 
identified  as  relative  binary  calibration  factors. 

3.5.1  Cj  j/ck  k,  Both  Species  Are  Undissociated  Ions 

When  the  desired  concentration  ratio  involves  only  simple  undis¬ 
sociated  parent  ions,  the  individual  concentrations  are  given  by  expres¬ 
sions  of  the  form  of  Eq.  (2),  and  the  relative  concentrations  are  clearly 
given  by  the  ratio  of  relative  outputs  at  the  appropriate  m/ e,  Ii/Ijo 
divided  by  the  relative  calibration  factors  c^  \l  c^  Generally,  the 
concentration  of  N2  is  used  for  normalizing  so  that  the  relative  calibra¬ 
tion  factors  have  the  form  c^  j/  C28,  2  8-  These  factors  were  obtained  by 
direct  experimental  measurement  of  relative  sensitivities  in  known 
sample  mixtures.  An  accurately  known  mixture  available  in  unlimited 
quantity  was  air  itself,  from  which  the  ratios  C32}  32/c28,  28  and 
c40,  40/ c28,  28  were  easily  obtained.  Relative  calibrations  involving 
NO  were  obtained  by  preparing  a  mixture  of  approximately  50  percent 
NO  and  50  percent  A  and  introducing  it  in  a  controlled  manner  into  the 
auxiliary  high  vacuum  chamber.  The  resulting  C30,  3o/c40,40  was  con¬ 
verted  to  030,  3o/c28,  28  by  simple  multiplication.  The  NO/N2  calibra¬ 
tion  was  not  obtained  directly  because  of  possible  reactions  in  the  re¬ 
quired  sample  mixture. 
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3.5.2  Cj  j/cj  j.  One  Species  a  Dissociated  Fragment  of  the  Other 

Relative  calibration  factors  of  this  type  are  required  to  correct 
output  signals  for  the  contributions  of  dissociative  ionization.  For 
example: 


where 

1 14 , 3  0  _  c  14 , 30 

1 3 0 ,30  c 30 , 3 0 

and 

1 14 . 28  _  c 14,28 

128.28  c  28 , 28 

since  the  same  parent  species  produces  the  ion  output  current  in  the 
numerator  and  denominator  in  each  case.  This  also  means  relative 
calibration  factors  of  this  type  can  be  obtained  in  unknown  mixtures, 
requiring  only  the  presence  of  a  sufficient  partial  pressure  of  the 
parent  species.  This  type  of  relative  calibration  factor  is  commonly 
known  as  the  fragmentation  factor.  For  a  given  parent  species,  a 
family  of  fragmentation  factors  is  called  the  cracking  pattern  for  that 
species.  These  factors,  as  the  previous  ones,  are  obtained  experi¬ 
mentally  with  a  high  degree  of  accuracy. 

3.5.3  Cj.j/ck/k,  One  Species  in  a  Dissociated  Fragment  of  the  Other 

This  type  of  relative  calibration  factor,  represented  by  the  factor 
inside  the  second  brackets  of  Eq.  (4),  is  the  most  difficult  to  obtain, 
since,  in  most  cases,  the  dissociated  fragment  is  not  stable  at  room 
temperatures.  It  is  virtually  impossible  to  prepare  a  known  mixture 
containing  such  components.  An  example  is  the  cj^  14/ C28,  28  factor 
in  Eq.  (4),  since  atomic  nitrogen  (m/e  =  14)  is  not  stable  at  room 
temperature.  Because  of  this,  the  two  relative  calibration  factors  of 
this  type  that  were  required  in  the  wind  tunnel  mass  analysis 
^c14  14^ c28,  28  anc*  c16,  16/ c32,  32)  were  not  measured  experimentally 
but  were  obtained  by  reference  to  values  of  ionization  cross  section  of 
atomic  oxygen  and  nitrogen  reported  in  scientific  literature.  The  re¬ 
lation  between  ionization  cross  section  and  the  absolute  sensitivity  fac¬ 
tors  is  expressed  by: 

b,j  —  (njieLe{f(7ii j)  x  Fj  =  njci,j  (5) 
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from  which  it  follows  that  the  j  are  directly  proportional  to  the  ioni¬ 
zation  cross  section: 

ci,j  =  'ehe ff^i, jf*  i  (6) 


and  that 


cj. i  _  Fj_ 

ck, k  ak,k  Ffc 


(7) 


The  relative  ionization  cross  sections  for  O  and  N,  relative  to  O2  and 
N2,  respectively,  are  given  in  Ref.  17: 


=  0.781  and  —i4 -  =  0.654  at  Vee  =  90  v 

ff32,32  ^28,28 


(8) 


The  nature  of  the  variation  of  the  instrument  factor  (F-)  with  species 
is  not  clear.  This  factor  is  essentially  a  function  of  the  type  of  elec¬ 
tron  multiplier  response.  Two  limiting  cases  are  frequently  described, 
viz.  ,  a  strict  ion  energy  dependence,  that  results  in  an  Fj_  independent 
of  mass,  and  an  ion  velocity  dependence,  that  results  in  an  varying 
as  (Mi)- 1/2.  The  wind  tunnel  data  supported  the  mass -independent 
case,  based  on  an  overall  atom  balance  for  oxygen  atoms. 


Because  of  the  additional  uncertainties  involved  in  the  relative  cali¬ 
bration  factors  required  for  determination  of  atomic  oxygen  and  atomic 
nitrogen  concentrations,  it  is  clear  that  these  components  will  not  be 
determined  with  as  much  accuracy  as  are  the  molecular  components. 


3.6  APPLICATION  OF  BINARY  CALIBRATION  FACTORS  IN  A  COMPLEX 
STATIC  SAMPLE 

The  applicability  of  the  binary  calibration  factors  to  more  complex 
samples  was  evaluated  by  submitting  a  four- component  static  sample  of 
O2,  N2,  A,  and  CO2  to  mass  analysis.  An  oscilloscope  picture  of  the 
spectrum  is  shown  in  Fig.  7  for  two  different  signal  amplifications. 
Only  the  outputs  at  m/e  =  28,  32,  40,  and  44  were  required  to  analyze 
the  sample;  however,  dissociative  ionization  corrections  were  required 
at  m/e  =28  and  32  because  of  dissociation  of  CO2  in  the  ionizer.  A 
comparison  of  the  sample  composition  as  prepared  and  the  composition 
determined  by  the  mass  spectrometer  is  given  in  Fig.  8  and  in  the 
following  table: 


Component 

Prepared 

Sample 

Mass 

Spectrometer 

Difference, 

percent 

n2 

0. 5489 

0. 5447 

-0.42 

C02 

0. 2402 

0. 2392 

-0.  10 

A 

0.0990 

0. 1060 

+0.  70 

o2 

0. 1119 

0.  1099 

-0.  20 
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SECTION  IV 

WIND  TUNNEL  TEST  PROCEDURE 


The  results  of  Ref.  18,  showing  that  nonequilibrium  effects  corre¬ 
late  with  reservoir  entropy,  influenced  the  test  program  run  schedule. 
That  is,  with  an  S/R  correlation  expected  as  a  final  result,  no  effort 
was  made  to  achieve  specific  stagnation  temperatures,  and  nominal 
stagnation  pressures  of  5,  10,  15,  and  20  atm  were  set  merely  as  a 
convenience.  In  this  manner,  a  range  of  values  of  the  dimensionless 
reservoir  entropy  of  2  9.  5  to  37.  8  was  covered.  The  reservoir  state  at 
each  operating  point  was  established  by  measuring  p^  and  calculating 
the  stagnation  enthalpy  using  the  energy  balance  technique.  In  Ref.  7, 
it  was  shown  that  such  calculations  agreed  with  sonic  flow  enthalpy 
within  ±8  percent. 

The  sequence  of  operation  for  each  mass  spectrometer  run  began 
with  evacuation  of  the  test  section  and  nozzle  to  approximately 
1.  5  x  10 "2  torr  utilizing  the  steam  ejector.  During  this  operation,  the 
mass  sampling  probe  was  positioned  outside  the  flow  boundary  with  the 
inlet  orifice  capped  and  with  an  internal  vacuum  of  from  10 to  10  ~2 
torr  established  by  an  auxiliary  mechanical  pump.  Prior  to  firing  the 
arc  heater,  liquid  hydrogen  flow  was  established  to  the  cryopump  within 
the  probe.  After  firing  the  heater  and  establishing  "stabilized"  condi¬ 
tions  in  the  arc  heater,  generally  in  less  than  a  minute,  the  probe  cap 
was  removed  using  an  hydraulic  actuator.  The  probe  was  then  traversed 
into  the  flow,  stopped  at  a  desired  point,  and  a  number  of  mass  spectra 
recorded.  The  time  period  of  immersion  in  the  flow  varied  from  3  to  8 
min.  When  stagnation  conditions  were  such  that  probe  heating  was 
critical,  the  heater  flow  was  terminated  before  probe  retraction, 
thereby  minimizing  exposure  to  the  flow. 

Although  the  long-term  stability  of  the  arc-heater  operation  was 
good,  high  frequency  fluctuations  in  voltage  and  current  remained  after 
the  starting  transient,  as  is  typical  of  high-pressure  arc  heaters.  These 
fluctuations  were  probably  responsible  for  some  high-frequency  disturb¬ 
ances  observed  simultaneously  in  the  mass  spectrometer  outputs,  par¬ 
ticularly  at  the  m/e  ratios  corresponding  to  the  high  temperature  com¬ 
ponents,  NO  and  O.  Similar  fluctuations  have  also  been  observed  in 
other  types  of  diagnostic  measurements  in  the  same  flows  and  have 
necessitated  a  time-average  approach  to  the  data  reduction  process. 

The  mass  spectrum  was  monitored  continuously  during  a  run  by  an 
oscilloscope  (1  sweep/sec),  and  test  data  were  recorded  when  desired 
on  an  oscillograph  (1  spectrum/ sec).  A  sufficient  number  of  spectra 
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were  recorded  at  each  test  point  to  provide  data  for  a  valid  time-average. 
Over  the  period  of  a  typical  oscillograph  record  (6  to  8  sec),  ±20-percent 
fluctuations  in  O  and  NO  were  observed,  while  the  N2  and  O2  signals 
changed  by  only  ±7  percent. 

The  run  time  was  determined  by  the  probe  heating  rate  at  the  most 
forward  O-ring'  location  on  the  probe.  A  temperature  of  400°F  was  set 
as  a  limit  for  most  runs  to  protect  the  O-rings  used  to  seal  access 
joints  in  the  probe.  After  obtaining  most  of  the  data  reported  herein, 
several  long  runs  were  made  to  obtain  boundary  layer  specie  profiles. 
During  these  runs,  the  temperatures  at  the  most  forward  O-ring  in¬ 
creased  to  as  high  as  505°F  without  detectable  damage  to  the  probe  or 
the  O-rings. 


SECTION  V 
TEST  RESULTS 


5.1  TYPICAL  SPECTRA 

By  using  the  mass  spectrometer  probe,  the  frozen  compositions  in 
the  expanded  flow  of  the  18 -in.  wind  tunnel  were  determined  for  a  range 
of  stagnation  pressures  of  from  3.  7  to  20.  8  atm  and  stagnation  tempera¬ 
tures  of  from  2120  to  5380°K. 

The  finite  rate  expansion  calculations  predict,  for  increasing  tem¬ 
perature,  an  O2  concentration  decreasing  with  respect  to  N2,  increas¬ 
ing  O  and  N  concentration,  and  a  peaking  behavior  of  NO.  Two  sample 
mass  spectra  are  given  in  Fig.  9,  one  for  a  low  reservoir  temperature, 
and  one  for  a  high  reservoir  temperature.  The  decrease  in  O2  and  in¬ 
crease  of  NO  and  O  relative  to  N2  is  evident  at  the  higher  temperature. 
The  appreciable  output  signal  at  m/e  =  14  is  almost  entirely  the  contri¬ 
bution  of  dissociative  ionization  of  N2  in  the  ionizer.  When  this  contri¬ 
bution  is  subtracted  from  the  total  m/ e  =  14  output  signal  using  calibra¬ 
tion  data,  very  little  signal  remains  to  attribute  to  atomic  nitrogen  in 
the  sample.  This  is  in  qualitative  agreement  with  the  finite  rate  calcu¬ 
lation  prediction  of  less  than  0.  003  mole  fraction  of  N  for  the  above 
range  of  reservoir  conditions.  On  the  other  hand,  the  output  signal  at 
m/e  =  16  (for  T^  =  5000°K)  represents  almost  entirely  atomic  oxygen. 
From  calibration  data,  it  was  known  that  only  about  10  percent  of  the 
already  small  signal  at  m/e  =  32  would  contribute,  to  the  signal  at 
m/e  =  16  through  dissociative  ionization. 


16 


AEDC-TR-71-23 


5.2  ENTROPY  CORRELATION 

It  was  demonstrated  in  Ref.  18  that  the  nonequilibrium  compositions 
in  high  enthalpy  nozzle  expansions  calculated  by  finite  rate  theory  may 
be  correlated  with  the  reservoir  entropy.  It  was  determined  that  the 
experimental  composition  measurements  described  herein  did  also. 

All  of  the  mass  spectra  data  for  the  molecular  species  N2,  O2,  and 
NO,  reduced  to  mole  fraction  form,  are  presented  in  Fig.  10a.  The 
same  type  of  entropy  correlation  is  given  for  the  atomic  species,  O 
and  N,  in  Fig.  10b. 

The  broken-line  curves  are  the  results  of  the  finite  rate  calculations 
of  Marshall  (Ref.  7)  and  are  in  very  close  agreement  with  the  correla¬ 
tion  curves  of  Ref.  18,  except  for  NO  at  S/R  <  33.  In  the  flow  model  of 
Ref.  7,  air  was  considered  a  mixture  of  five  species,  N2,  O2,  NO,  O, 
and  N.  The  energetically  important  dissociation/ re  combination  re¬ 
actions  for  N2,  O2,  and  NO,  as  well  as  the  NO  shuffle  reactions,  were 
included  in  a  system  of  18  coupled  finite-rate  chemical  reaction  equa¬ 
tions.  In  addition,  finite  rate  vibrational  energy  exchanges  were  in¬ 
cluded  for  the  three  diatomic  molecules.  The  thermodynamic  pre¬ 
dictions  of  this  theory  were  satisfactorily  verified  by  the  electron  beam 
measurements  in  Ref.  7.  The  solid-line  segments  of  the  theoretical 
curves  represent  from  left  to  right  the  finite  rate  solutions  for  various 
ranges  of  stagnation  pressure  at  constant  stagnation  temperatures  of 
2300,  3000,  4000,  and  5000°K.  The  dashed  lines  are  simply  fairings  of 
the  theoretical  values  between  the  constant  temperature  segments. 

The  experimental  points  are  identified  with  respect  to  the  nominal 
value  of  stagnation  pressure  set  for  that  point  (5,  10,  15,  20  atm). 

Each  data  point  represents  a  time  average  over  at  least  six  mass  spectra 
(~  6  sec)  during  a  single  run  at  stabilized  arc-heater  conditions.  All 
points  were  obtained  in  the  inviscid  test  core  at  distances  of  2  to  3  in. 
from  the  nozzle  centerline.  The  test  data  were  corrected  for  the  effects 
of  dissociative  ionization  at  m/e  =  14  and  16,  as  well  as  a  mass  separa¬ 
tion  or  migration  within  the  sampling  probe. 


5.3  BOUNDARY  LAYER  MEASUREMENTS 

It  was  originally  intended  to  obtain  composition  profiles  through  the 
nozzle  boundary  layer  by  means  of  continuous  traverses  with  the  mass 
spectrometer  probe.  The  unforeseen  need  to  perform  time-averages 
of  the  data,  however,  as  indicated  in  Section  IV,  made  such  a  procedure 
impossible.  Instead,  during  a  given  run,  the  probe  was  moved  step-by- 
step  through  the  boundary  layer  in  increments  of  one  inch.  At  each 
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incremental  point,  from  six  to  twelve  mass  spectra  were  recorded  to 
provide  a  basis  for  a  time -average.  This  procedure  not  only  increased 
the  required  run  time,  but  also  greatly  increased  the  effort  required  in 
data  reduction.  Therefore,  only  a  limited  amount  of  such  data  was  ob¬ 
tained.  A  sample  distribution  of  the  specie  concentrations  across  the 
upper  half  of  the  exit  plane  of  the  nozzle  for  pt^  =  5.  03  atm  and 

T^  =  4870°K  is  presented  in  Fig.  11.  The  composition  was  constant 

in  the  inviscid  core  but  varied  considerably,  though  systematically, 
throughout  the  boundary  layer. 


SECTION  VI 
DISCUSSION 


6.1  GENERAL 

The  foremost  impression  gained  upon  examination  of  the  experi¬ 
mental  determination  of  specie  concentrations  is  that  a  systematic 
correlation  with  the  entropy  parameter  indeed  exists,  just  as  with  the 
results  of  the  theoretical  calculations.  In  this  respect,  the  cluster  of 
test  points  at  S/R  =  30.  5  is  notable,  since  the  compositions  are  essen¬ 
tially  repeated  for  a  wide  range  of  reservoir  pressure  and  temperature. 
This  correlation  of  frozen  compositions  is  of  considerable  value  in 
analyzing  and  organizing  the  chemical  nonequilibrium  effects  in  wind 
tunnel  nozzle  flows. 

A  second  major  impression  is  that  the  general  trends  predicted 
by  theory  are  confirmed  experimentally,  in  particular  the  peaking 
behavior  of  the  nitric  oxide  mole  fraction.  The  theoretical  values  are 
not  reproduced  perfectly,  however.  Specifically,  it  is  noted  that  the 
concentrations  of  the  three  molecular  species  (N2,  O2,  and  NO), 
together  constituting  over  85  percent  of  the  total  flow  sample,  are  in 
good  agreement  with  the  finite  rate  predictions  at  low  values  of  entropy; 
i.  e.  ,  flows  of  small  nonequilibrium  effects.  But,  at  S/R  a  32,  a 
divergence  begins,  with  the  O2  fraction  increasing  with  respect  to  the 
theory  by  some  6  to  7  percent  of  the  total  sample  and  the  NO  fraction 
of  the  total  sample  reaching  a  value  about  3  percent  greater  than  pre¬ 
dicted.  Note  that,  because  of  the  logarithmic  nature  of  the  mole  frac¬ 
tion  scale,  the  N2  fraction  appears  to  agree  very  closely  with  the 
finite  rate  theory;  but  in  reality,  the  N2  fraction  is  also  greater  than 
the  predicted  value  by  about  2  to  3  percent  of  the  total  sample.  Aside 
from  these  minor  differences,  the  molecular  data  are  very  consistent 
over  the  entire  entropy  range  covered  and  tend  to  display  the  same 
general  shapes  as  do  the  theoretical  curves. 
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In  addition,  the  two  atomic  fractions,  N  and  O,  are  not  in  as  good 
agreement  with  the  theoretical  prediction.  Calculations  indicate  that 
the  atomic  nitrogen  fraction  is  negligible  (below  the  0.  003  detectability 
limit)  for  the  selected  range  of  reservoir  entropy.  The  experimental 
program  generally  confirmed  this,  although  atomic  nitrogen  was  appar¬ 
ently  detected  in  a  few  separate  runs  at  high  stagnation  temperature 
(Fig.  10b).  It  is  not  certain  whether  these  were  valid  detections,  or 
simply  the  result  of  inaccuracies  in  applying  the  dissociative  ionization 
correction  to  the  output  signal  at  m/e  =  14. 

The  atomic  oxygen  fractions,  however,  were  readily  observed  and 
ranged  from  the  detectability  limit  at  low  entropies  to  approximately 
0.  23  mole  fraction  at  the  highest  entropy.  The  atomic  oxygen  meas¬ 
urements  were  very  self-consistent  over  the  entire  entropy  range  but 
were  systematically  lower  than  the  theoretical  predictions.  Although 
the  discrepancy  was  only  1/2  to  9  percent  with  respect  to  the  total 
sample,  it  amounted  to  30  to  50  percent  of  the  predicted  O  fraction. 
Also,  the  scatter  of  the  atomic  oxygen  data  is  noticeably  greater  than 
for  the  molecular  data.  This  agrees  with  the  results  of  the  repeata¬ 
bility  studies  performed  during  the  static  calibration  tests  (Section  3.3). 


6.2  POSSIBLE  EXPLANATIONS  OF  DISCREPANCIES  BETWEEN  EXPERIMENT 

AND  FINITE  RATE  EXPANSION  THEORY 

Several  possible  explanations  exist  of  the  discrepancies  between 
the  mass  spectrometer  measurements  and  the  finite  rate  theory 
(primarily  the  O2  and  O  measurements  at  high  entropy).  Three  general 
categories  of  explanations  are  discussed  here  in  order  of  what  is  judged 
to  be  increasing  probability. 

6.2.1  Mass  Separation  in  the  Nozzle  Expansion 

It  is  well  known  that  low -density,  free- jet  expansions  exhibit  mass 
separation  (Ref.  19).  Low-density  nozzle  flows  may  also.  The  dis¬ 
crepancy  noted  above  in  the  O/ O2  measurements  is  in  the  direction 
characteristic  of  mass  separation;  that  is,  an  indication  of  reduced  con¬ 
centration  of  light  particles  (0),  with  a  corresponding  indication  of  in¬ 
creased  concentration  of  heavy  particles  (N2,  O2,  NO),  near  the  axis 
of  the  flow.  Also,  the  largest  indication  of  increased  concentration 
occurs  for  the  heaviest  particle  of  interest,  03.  However,  the  limited 
amount  of  data  obtained  during  traverses  of  the  exit  plane  of  the  nozzle 
(inviscid  core  plus  boundary  layer)(Fig.  11)  reveals  variations  in  com¬ 
position  inappropriate  for  an  explanation  of  mass  separation  in  the  nozzle 
flow.  In  fact,  composition  in  the  inviscid  core  was  determined  to  be  very 
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nearly  constant  (Fig.  11),  while  concentration  of  the  lighter  component 
(O)  in  the  boundary  layer  was  found  to  de crease  with  distance  from  cen¬ 
ter  of  the  flow,  presumably  because  of  increased  collision-induced  re¬ 
combination  in  the  boundary  layer. 

6.2.2  Errors  in  the  Mass  Spectrometer  Probe  Measurements 

As  a  new  instrument,  the  mass  spectrometer  probe  is  certainly 
due  close  examination  on  several  points.  Among  these  are  possible 
mass  separation  within  the  probe,  accuracy  of  the  probe  calibration 
factors,  and  validity  of  the  application  of  room  temperature  calibra¬ 
tions  to  samples  having  elevated  vibrational  temperatures. 

Mass  separation  inside  the  probe  was  considered  in  the  data  re¬ 
duction  process  by  assuming  that  free  molecule  diffusion  conditions 
apply  in  the  stream  tube  admitted  to  the  probe.  Since,  for  the  i^h 
species,  the  diffusive  velocities  away  from  the  stream  tube  centerline 
(vi)  are  proportional  to  1/yj  Mi,  then  the  flux  per  unit  area  of  the  i**1 
species  at  the  ionizer  inlet  aperture  was  different  from  that  at  the  probe 
inlet  by  a  factor  proportional  to  Mp  An  appropriate  correction  was 
applied  to  the  test  data  to  compensate  for  this  effect. 

The  relative  probe  calibrations  for  molecular  species  were  as 
accurate  as  could  be  made  within  the  demonstrated  experimental  cali¬ 
bration  repeatability  limits  of  a  few  percent.  The  relative  calibration 
factors  involving  the  atomic  species,  on  the  other  hand,  were  less  well 
established.  As  discussed  in  Section  3.  5,  the  relative  atomic  calibra¬ 
tion  factors  were  not  obtained  experimentally  but  were  based  on  values 
of  the  ionization  cross  sections  of  O  and  N  relative  to  O2  and  N2  as  re¬ 
ported  in  the  scientific  literature.  Intuition  and  theory  both  suggested 
that  the  atomic  cross  sections  should  be  on  the  order  of  one-half  the 
cross  sections  of  the  parent  molecules,  and  the  reported  values  clearly 
fell  in  this  range;  e.  g.  ,  0^5  16/ CT3 2/32  =  0.  781  (see  Section  3.  5).  How¬ 
ever,  since  the  values  were  based  on  a  limited  number  of  experiments, 
the  accuracy  was  questionable.  In  fact,  the  atomic  oxygen  discrepancy 
at  high  entropy  could  be  essentially  eliminated  by  arbitrarily  reducing 
<716  16/a32,32  exactly  0.  50,  but  to  eliminate  the  discrepancy  in  the 
middle  range  of  entropy  required  a  reduction  to  0.31,  which  was  tanta¬ 
mount  to  assuming  the  reported  values  to  be  in  error  by  60  percent. 
Furthermore,  this  arbitrary  alteration  in  ionization  cross  section  for 
O  relative  to  O2  would  have  no  effect  on  the  O2  mole  fractions,  whereas 
the  measured  discrepancies  in  O2  and  O  strongly  suggested  a  related 
and  apparently  opposite  effect  on  these  fractions. 
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There  is  also  a  question  concerning  the  applicability  of  the  room- 
temperature  probe  calibrations  to  samples  obtained  at  elevated  vibra¬ 
tional  temperatures.  Vibrational  temperatures  of  1800  to  2900°K  have 
been  measured  in  the  nozzle  test  flows  (Ref.  7)  and  would  be  expected 
to  persist  in  the  flow  sample  admitted  to  the  probe.  The  probable  effect 
of  such  high  vibrational  temperatures  in  the  sample  would  be  to  facilitate 
dissociation,  but  not  ionization,  hence  the  molecular  measurements  that 
depend  on  simple  ionization  in  the  ionizer  would  not  be  affected.  Dis¬ 
sociative  ionization,  however,  could  conceivably  be  enhanced,  result¬ 
ing  in  an  increase  in  the  indicated  atomic  mass  fractions.  Since  the 
atomic  oxygen  discrepancy  has  been  detected  in  the  opposite  direction, 
it  appears  reasonable  to  eliminate  vibrational  temperature  effects 
from  consideration. 

6.2.3  Inaccuracy  of  the  Finite  Rate  Calculations 

Even  though  the  thermodynamic  measurements  of  Ref.  7  appear  to 
substantiate  the  finite  rate  calculations,  there  are  still  several  points 
upon  which  the  finite  rate  model  may  be  questioned.  In  the  first  place, 
the  relative  concentrations  of  O  and  O2  determined  with  the  mass  spec¬ 
trometer  probe  appear  to  have  been  verified  by  several  independent 
experiments  using  entirely  different  measuring  techniques.  Recent 
catalytic  probe  measurements,  although  displaying  significant  scatter, 
indicated  that  the  atomic  oxygen  concentration  in  shock  tunnel  expansions 
of  air  was  much  lower  than  the  predictions  of  finite  rate  calculations 
(Ref.  11).  A  similar  result  has  been  obtained  from  observations  of  the 
oxygen  components  of  radiation  from  an  electron  beam  in  a  nonequilib¬ 
rium  airflow. 

In  the  second  place,  there  are  certain  parts  of  the  finite  rate  calcu¬ 
lations  that  can  be  questioned  directly.  From  a  phenomenological 
standpoint,  even  though  the  present  calculations  do  appear  to  account 
for  all  of  the  important  physical  processes  occurring  in  rapid  finite- 
rate  expansions  (with  the  possible  exception  of  coupling  of  vibration  and 
dissociation,  an  effect  that  would  produce  trends  opposite  to  the  observed 
discrepancies),  the  state  of  knowledge  of  the  required  high  temperature 
reaction  rates  is  far  from  satisfactory.  The  rates  used  herein  were 
cited  by  Gavril  (Ref.  20)  from  an  original  summary  by  Steiger  (Ref.  21). 

In  Fig.  10,  the  indication  that  the  discrepancies  between  the  experi¬ 
mentally  determined  O/O2  concentrations  and  theory  are  much  greater 
than  for  the  other  species  in  the  flow  is  highly  suggestive  of  a  prior 
observation  that  the  chemical  kinetic  system  of  oxygen  is  effectively 
isolated.  Such  a  conclusion  was  made  in  Ref.  22;  i.e.,  that  the  nitrogen 
and  nitric  oxide  concentrations  in  finite  rate  air  expansions  were  deter¬ 
mined  almost  entirely  by  the  fast  (two-body)  nitric  oxide  shuffle  reactions. 
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while  the  oxygen  concentrations  were  determined  solely  by  the  slower 
(three -body)  oxygen  dissociation-recombination  reactions.  Together 
with  this  conclusion,  the  present  experimental  results  suggest,  then, 
that  the  rates  used  in  the  calculations  for  the  two  bimolecular  shuffle 
reactions  (Nos.  16  and  17  of  Table  II  in  Ref.  7)  are  much  more  accurate 
than  those  used  for  the  oxygen  dissociation-recombination  reactions 
(Nos.  1  through  5,  Table  II  of  Ref.  7).  Indeed,  a  recent  summary  of 
reaction  rate  data  (Ref.  23)  indicates  that  the  original  experimental 
data  that  furnished  the  rates  of  the  shuffle  reactions  are  much  more 
consistent  over  an  extensive  range  of  temperature  than  are  any  of  the 
corresponding  data  for  the  termolecular  reactions. 

An  attempt  was  made  to  determine  what  changes  in  the  oxygen 
reaction  rates  would  be  required  to  bring  the  calculated  results  into 
agreement  with  the  experimental  results.  Two  new  finite  rate  calcu¬ 
lations  were  performed  with  the  reaction  rates  of  the  five  oxygen 
dissociation-recombination  reactions 

kf 

02  +  M  £  20  +  M,  M  =  N2j  02,  NO,  N,  0  (9) 

kb 

increased  by  factors  of  10  and  100,  respectively,  over  the  rates  of 
Ref.  7.  These  calculations  were  made  for  only  two  reservoir  condi¬ 
tions:  Pti  =  1°  atm,  T^^  =  4000°K,  S/R  =  33.  6  and  ptl  =  5  atm, 

Tt^  =  5000°K,  and  S/R  =  3  7.  0.  The  results  are  presented  in  Fig.  12, 

superimposed  on  the  bands  of  experimental  data  from  Fig.  10.  Curves 
have  been  faired  through  the  new  calculations  so  as  to  be  approximately 
parallel  to  the  curves  for  the  original  reaction  rates.  It  can  be  seen 
that  multiplying  the  original  rates  by  100  virtually  eliminated  the 
experimental/theoretical  discrepancy.  The  rate  increases  affected 
primarily  the  oxygen  concentrations,  blit  there  were  also  small  in¬ 
creases  in  the  nitric  oxide  fractions,  indicating  that  the  oxygen  system 
is  not  entirely  chemically  independent. 

As  a  result  of  these  calculations,  the  question  naturally  arises  as  to 
whether  the  original  experimental  measurements  of  the  oxygen  dissocia¬ 
tion  rates  could  have  been  made  in  error  by  two  orders  of  magnitude. 

If  it  is  assumed  that  the  measurements  were  basically  valid  and  subject 
only  to  the  usual  experimental  scatter,  then  such  a  sizable  error  is 
not  likely.  The  experimental  rate  data  taken  in  different  laboratories 
(Ref.  23)  agree  within  a  maximum  scatter  band  of  400  percent,  and  in 
most  cases  within  200  percent.  The  possibility  that  a  considerable 
number  of  independent  investigators  made  experimental  errors  of  up  to 
several  thousand  percent  in  the  same  direction  must  be  considered  as 
quite  remote. 
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On  the  other  hand,  if  the  viewpoint  is  taken  that  the  reaction  rate 
experiments  are  all  subject  to  fundamental  uncertainties  of  interpreta¬ 
tion  in  addition  to  the  usual  experimental  scatter,  as  is  readily  admitted 
by  many  investigators  in  the  fields,  then  it  appears  that  errors  of  lOOx 
are  quite  possible.  The  kinetics  of  a  simple  dissociation-recombination 
reaction,  such  as  Eq.  (9),  are  usually  represented  by  the  following 
expressions 


kf 


Cf  e-0D/T 


(10) 


Kc  =  kf/kb 


(ID 


In  the  present  case,  Eq.  (11)  may  be  seriously  questioned  as  an 
adequate  description  of  the  relationship  between  the  forward  and  reve.rse 
reaction  rates.  The  question  is  pertinent  because  of  the  manner  in 
which  the  two  reaction  rates  affect  the  finite  rate  calculations.  In 
finite  rate  nozzle  expansions,  the  dissociation  rates  rapidly  decrease 
to  a  negligible  fraction  of  the  recombination  rates  (because  of  exponen¬ 
tial  dependence  on  temperature),  hence  the  high  temperature  recombi¬ 
nation  rates  essentially  determine  the  composition  of  the  flow.  Un¬ 
fortunately,  however,  there  are  no  experimental  sources  for  such  rates. 
To  date,  recombination  rates  have  been  measured  only  in  low  tempera¬ 
ture  experiments.  1  The  required  high-temperature  recombination  rates 
for  nozzle  calculations  are  inferred  from  high  temperature  dissociation 
rate  measurements,  using  the  equilibrium  constant  and  Eq.  (11).  This 
procedure  is  questionable  because,  with  very  few  exceptions,  such  de¬ 
rived  high  temperature  recombination  rate  data,  when  extrapolated  to 
low  temperatures,  disagree  by  orders  of  magnitude  with  low  tempera¬ 
ture  recombination  rate  measurements  (see  Ref.  23).  (It  is  interesting 
to  note  that  the  uncertainty  over  the  use  in  nozzle  flow  calculations  of 
high  temperature  recombination  rates  derived  from  measured  dissocia¬ 
tion  rates  has  a  direct  parallel  in  the  behavior  of  vibrational  relaxation 
in  similar  expansions.  It  was  discovered  a  number  of  years  ago 
(cf.  Refs.  7  through  10)  that  vibrational  rates  measured  in  shock  wave 
experiments  do  not  apply  in  rapid  nozzle  expansions  where  the  approach 
to  equilibrium  is  from  the  opposite  direction. ) 


^  A  single  possible  exception  is  the  experiment  of  Ref.  24,  in  which 
oxygen  recombination  rates  were  measured  directly  at  3000°K  by  observ¬ 
ing  C>2  absorption  downstream  of  a  sudden  expansion  in  a  shock  tube.  It 
is  noted  that  these  measurements  were  made  near  equilibrium  but  were 
analyzed  with  a  reaction  equation  in  which  the  dissociation  rate  was 
zero  — a  procedure  that  would  underestimate  the  recombination  rates. 
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There  is  the  additional  question  of  the  propriety  of  applying  Eq.  (10) 
to  nonequilibrium  flows  since  the  derivation  is  based  on  equilibrium 
collision  rate  theory.  In  fact,  in  Ref.  23,  Bortner  has  noted  that  some 
attempts  to  fit  empirical  data  for  oxygen  to  Eq.  (10)  force  severe  con¬ 
tradictions  of  the  collision  rates  derived  from  equilibrium  kinetic 
theory. 

In  summary,  it  is  considered  that,  of  the  possible  explanations  for 
the  discrepancies  noted  in  Fig.  10,  the  most  cogent  is  the  lack  of  well- 
substantiated  termolecular  recombination  rates  for  oxygen  in  the  high 
temperature  regime  of  importance  in  determining  the  O/O2  concentra¬ 
tions  in  finite  rate  expansions.  There  may  also  be  inaccuracies  in  the 
corresponding  termolecular  rates  for  N2  and  NO,  but  not  serious  enough 
to  affect  the  final  N2,  N,  and  NO  concentrations.  The  concentrations  of 
these  species  are  determined  by  the  nitric  oxide  shuffle  reactions.  The 
experimental  data  reported  herein  indicate  that  the  rates  used  for  the 
shuffle  reactions  are  accurate. 


SECTION  VII 
CONCLUSIONS 


The  results  of  an  on-line  mass  spectrometric  analysis  of  nonequjlib- 
rium  airflows  may  be  summarized  as  follows: 

1.  A  mass  spectrometer  sampling  probe  has  been  developed 
to  make  possible  reliable  determinations  of  the  chemical 
composition  in  nonequilibrium  flowing  gases. 

2.  Frozen  compositions  in  a  low -density  expansion  of  air  in 
an  arc-heated  wind  tunnel  were  determined  for  reservoir 
pressures  of  from  3.7  to  20.  8  atm  and  reservoir  temper¬ 
atures  of  from  2120  to  5380°K.  The  empirically  deter¬ 
mined  compositions  were  correlated  with  the  reservoir 
entropy.  At  low  entropy,  the  molecular  concentrations 
were  in  agreement  with  predictions  of  finite  rate  theory. 

At  high  entropy,  molecular  concentrations  were  greater 
than  predicted,  by  as  much  as  7  percent  for  O2.  The 
atomic  oxygen  concentration  was  observed  to  be  consis¬ 
tently  less  than  the  predicted  values  over  the  entire  entropy 
range,  and  at  the  highest  entropy  was  9  percent  less  than 
the  expected  value. 
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3.  Finite  rate  calculations  were  made  with  increased 
oxygen  reaction  rates.  Increases  of  100  times  were 
required  to  bring  the  predicted  concentration  of  O2 
and  O  into  agreement  with  the  experimentally  deter¬ 
mined  values. 

4.  It  is  considered  that  the  most  probable  explanation 
of  the  discrepancy  between  predicted  and  experimen¬ 
tal  oxygen  concentrations  is  the  reliance  in  the  calcu¬ 
lations  upon  high  temperature  three-body  recombina¬ 
tion  rates  for  oxygen  which  are  not  substantiated  by 
direct  experiments  but  which  are  derived  from  high 
temperature  dissociation  rates.  The  much  better 
agreement  with  theory  of  the  nitrogen  and  nitric 
oxide  concentrations  is  considered  to  be  evidence  of 

a  high  degree  of  accuracy  of  the  reaction  rates  used 
for  the  nitric  oxide  shuffle  reactions  as  well  as  a 
virtual  chemical  kinetic  isolation  of  oxygen. 

5.  Flow  composition  was  determined  in  the  nozzle 
boundary  layer  for  a  limited  number  of  cases.  A 
uniformity  of  composition  in  the  inviscid  core  was 
demonstrated,  but  considerable  variation  in  the  species 
concentrations  in  the  boundary  layer  was  detected. 

6.  No  better  than  50 -percent  repeatability  could  be  demon¬ 
strated  when  the  mass  spectrometer  probe  was  used  to 
determine  absolute  concentrations.  Determination  of 
relative  concentrations  was  then  adopted  for  use  in  the 
wind  tunnel,  since  repeatability  of  relative  output  sensi¬ 
tivity  was  demonstrably  better.  For  example,  for 
simple  nondissociated  species,  the  repeatability  in  a 
clean  system  was  determined  to  be  1  to  4  percent, 
while  for  dissociated  species,-  the  relative  sensitivity 
was  not  quite  as  repeatable  (4  to  10  percent),  but  still 
adequate  for  quantitative  work. 

7.  Cleanliness  of  the  mass  spectrometer  system  was  the 
fundamental  determinant  of  repeatability.  Continued 
exposure  to  chemically  active  hot  gases  necessitated 
periodic  cleaning  of  the  ionizer  section  of  the  spec¬ 
trometer.  A  resistance-strip  magnetic  electron 
multiplier  was  adopted  for  use  with  the  mass  spec¬ 
trometer  and  proved  to  be  virtually  immune  to  contami¬ 
nation. 
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8.  Relative  calibration  factors  for  certain  undissociated 
molecules  were  obtained  by  direct  calibration  of  the 
system  with  appropriate  gas  mixtures  of  known  compo¬ 
sition.  Relative  calibration  factors  involving  dissociated 
species  could  not  be  obtained  directly,  requiring  instead 
dependence  on  reported  values  of  atomic  ionization 
cross  sections  relative  to  molecular  cross  sections. 
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Fig.  2  Cross 
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Fig.  3  Mass  Spectra  of  Low  Temperature  Air 
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VARIATION  OF  ABSOLUTE  SENSITIVITY  AT  m/e  =  28 
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Fig.  4  Absolute  Sensitivity,  m/e  =  28,  versus  Run  Number 
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Fig.  5  Absolute  and  Relative  Sensitivities  versus  Electron  Energy 
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Fig.  7  Mass  Spectrum  for  Analysis  of  4-Component  Mixture 
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Fig.  9  Mass  Spectra  Obtained  in  Wind  Tunnel 
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Fig.  10  Comparison  of  Experimental  and  Theoretical  Compositions 
in  18-in.  Wind  Tunnel 
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b.  Atomic  Species 
Fig.  10  Concluded 
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Fig.  11  Boundary  Layer  Composition 
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a.  Molecular  Species 

Fig.  12  Effect  of  Increased  Oxygen  Reaction  Rates  on  Comparison  of 
Experimental  and  Theoretical  Compositions 
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b.  Atomic  Species 
Fig.  12  Concluded 
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